INTRODUCTION
, eruption times of only a few geysers in Upper Geyser Basin are predicted by park rangers. The nonlinear GEI pattern of Old Faithful, the most famous geyser, serves as a prime example in statistics textbooks (Chatterjee et al., 1995; Dekking et al., 2005) .
The search for possible correlations between external forces and GEIs has attracted scientists for decades (Rinehart, 1972; Rojstaczer et al., 2003; White, 1967; White and Marler, 1972) , because such a correlation might permit quantitative inference on the forces controlling geyser eruptions. Nevertheless, the existence of correlations remains controversial. In a recent experiment conducted at several geysers in the Upper Geyser Basin, the infl uence of Earth tides on GEIs was undetected and the possible effect of atmospheric pressure variations was found to be small (Rojstaczer et al., 2003) . In contrast, there is clearly a relationship between large earthquakes and GEIs (Husen et al., 2004; Hutchinson, 1985; Manga and Brodsky, 2006; Rinehart, 1972) . This relation is complex, because not all geysers respond to a given earthquake, and of those that do, some eruption intervals lengthen whereas others shorten (Husen et al., 2004) .
DATA
Newly available continuous data on GEIs, based on instrumental measurements with a temperature sensor in the geyser outfl ow channels, have allowed us to search for a possible correlation between the interannual and intraannual hydrological cycle and GEIs. We analyze data from four geysers in the Upper Geyser Basin (Fig. 1) for which instrumental data are available for 1997 or 1998 through 2006 (http://www. geyserstudy.org), and for which the time series is suffi ciently complete to permit formal quantitative analysis.
There is a longer time series For Old Faithful. Data from 1937-1956 and 1997-2002 are based on visual observations by park rangers ( Stephens, 2002) , and the data from [2003] [2004] [2005] [2006] are based on year-round measurements by a temperature sensor.
For the interannual analysis of Daisy, Castle, Aurum, and Depression Geysers, we used data only from 1 July to 30 September because prior to 2003 data from non-summer months are either missing or incomplete (many gaps). The Old Faithful analysis is based on ranger observations for 1997 -2002 (Stephens, 2002 and instrumental data from 1 July to 30 September for 2003-2006. In the extreme climate conditions of Yellowstone, instrument malfunction is inevitable, especially in the winter months. In cases, this leads to unrecorded geyser eruptions, which in the time series leads to an overly long apparent GEI. In very few cases the false detection of an eruption was noted. To overcome artifacts of instrumental problems, we applied a rigorous criterion to remove outliers from all GEI data sets; data were fi ltered by removing any interval value that is greater than double or less than half of the previous and consecutive eruption intervals.
STATISTICAL ANALYSIS
To explore for links between multiyear trends of geyser periodicity and other hydrologic processes, we calculate coeffi cients of cross correlation between the arithmetic mean of GEIs each year and the average annual water discharge in the Madison River. We use data from the Madison River (http://waterdata.usgs.gov/wy/nwis/uv/ ?site_no = 06037500&agency_cd = USGS) rather than the Firehole River, which drains the Upper Geyser Basin (http://waterdata.usgs.gov/mt/nwis/ nwisman/?site_no = 06036905&agency_cd = USGS), because data from the Firehole River are available only from 2002. The high degree of cross correlation (coeffi cient of 0.99) between the daily water discharges in the Firehole and Madison Rivers for the period [2002] [2003] [2004] [2005] [2006] suggests that this approach should introduce negligible error.
The GEI interannual temporal trends of the fi ve analyzed geysers correlate negatively with the trend of the Madison River discharge (Figs. 2 and 3); as mean annual water discharge in the river decreases, the GEIs lengthen. The long-term cross correlation between Old Faithful's annual average GEI and Madison River discharge is especially signifi cant; for the period between 1937 and 1956, for which park ranger observations are available (Stephens, 2002) , the coeffi cient of cross correlation is −0.68, and for the period between 1967 and 2006 it is −0.98. The 1959 Hebgen Lake, 1975 Central Plateau, and 1983 Borah Peak earthquakes induced lengthening of Old Faithful's GEI that lasted for several years (Hutchinson, 1985) . Thus in years following a major earthquake any climate-induced control on Old Faithful's GEI could be masked. There are similar relations between the Madison River discharge and the shorter-term records of Daisy, Castle, Aurum, and Depression Geysers GEIs, and similarly high values of cross correlation (Fig. 3) , supporting the notion of a basin-wide process. The computed cross-correlation coeffi cients for these data are two orders of magnitude greater than the coeffi cients calculated using 100 randomly generated time series of equal length.
To test for a seasonal signal, we calculated the monthly average GEIs of four geysers with suffi cient year-round instrumental data to permit formal analysis (Fig. 4) . Analysis of daily and weekly GEI data resulted in a rather noisy time series, mainly because of data gaps. The maximum seasonal peak-to-peak amplitudes of monthly averages (difference between shortest and longest intervals) are 2.7, 45, 258, and 687 minutes for Old Faithful, Daisy, Aurum, and Depression, respectively. Since the GEI of Old Faithful has a relatively narrow distribution around the mean, the data were fi ltered to include only intervals in the range of 85-105 min to enhance the signal-to-noise ratio. This fi ltering eliminated 15% of the intervals from the data set, mainly the short intervals. It should be noted that Old Faithful's GEI displays a bimodal distribution with very few observations intermediate in length (Kieffer, 1984) . However, the percentage of short GEIs has decreased recently and accounted for only 2. We scaled the monthly average values for each year between 0 (month with shortest intervals) and 1 (month with longest interval) (Fig. 4) . We then computed the cross correlation between the monthly average GEI for each year and the monthly average discharge of the Madison River and searched for the phase shift (with 1 month resolution) that results in the highest degree of cross correlation (Table 1) . For the four years studied, the phase shifts that result in the highest degree of cross correlation are 10-11, 6, 2-3, and 3-5 months for Old Faithful, Daisy, Aurum, and Depression, respectively (with two exceptions in bold labels in Table 1 ). However, the cross-correlation coeffi cients for Old Faithful at zero phase shift are also relatively high (highest in 2006), suggesting that interval lengthening might be synchronous with peak Madison River discharge.
GEYSER PERIODICITY AND THE HYDROLOGIC CYCLE
We propose a conceptual model that accounts for the long-term (decadal ) and seasonal patterns of GEIs. Multiyear variability is controlled by pressure changes in the 200-215 °C reservoirs (Fournier, 1989) that feed the geyser. In years with high precipitation, the pressure in the reservoir increases, geyser conduits are replenished faster by hot water, boiling is achieved in a shorter time, and GEIs are shorter. Seasonal lengthening of intervals following peak river discharge results from percolation of cold recharge from the ground surface. Cooling of the geyser conduits, which causes lengthening of the intervals, may be controlled by geyser conduit dimensions; faster when the volume is smaller (Aurum and Depression), and slower as the volume increases (Daisy and Old Faithful). The much larger peak-to-peak amplitudes in the Aurum and Depression time series, compared with Old Faithful, also suggest a greater effect of cooling by meteoric recharge. Thus, GEIs respond to two competing processes; sourcing of hot water from the bottom and cold water from the top, consistent with models of geyser dynamics (Fournier, 1969; White, 1967; White and Marler, 1972) .
Other processes that might cause the different phase shifts displayed by the geysers are small differences in geyser conduit permeability that have a profound effect on eruption intervals Rojstaczer, 1993, 1996) ; the formation of ice sheets and cryogenic silica deposits at the ground surface (Channing and Butler, 2007) , which may inhibit recharge of cold meteoric water; and entrainment of extremely cold air in winter months (Fig. 4A) (Hutchinson et al., 1997) .
In summary, our statistical analysis indicates that geysers respond to both long-term precipitation trends and to the seasonal hydrologic cycle. Based on these observations, we propose that an extended period of drought in the region should result in GEI lengthening and perhaps even cessation of geysering. In years with high precipitation, the GEI should be more frequent. Note: Calculated phase shift (φ) between monthly mean geyser eruption interval and the Madison River discharge and the computed coeffi cients of cross correlation (r 2 ) for no phase shift (φ = 0) and for the shift that results in the highest degree of correlation.
